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I. INTRODUCTION

This report covers two separate efforts conducted by the author
under AFOSR Contract F44620-76-C~0023 from October 1, 1975 to September
30, 1977. The first and larger of these efforts was an analytical and
experimental study of the erosive burning of composite propellants, while
the second was an analytical modeling study of the combustion of aluminum
particles in nitcogen-carbon dioxide mixtures.

Erosive burning, the augmentation of solid propellant burning
rate by the flow of products across a burning surface, is becoming in-
creasingly important with use of lower port-to-throat area ratio motors
and nozzleless motors which result in high velocity crossflows. The
response of various propellants to such crossflows must be known by the
motor designer in order for him to perform adequate motor design. In
addition, it is importantitbat the gropellant f;;mulator understand the
effect of various formulation parameters on the sensitivity of a propellant
to crossflows :o that he may tailor his propellants to the desired charac-
teristics. (For example, 1in a nozzleless rocket motor, the decrease in
pressure from the head end to the aft end of the grain tends to result in
slower burning at the aft end in the absence of erosive effects. Depending
upon the sensitivity of the formulation to crossflow, the increasing Mach
Number along the grain port may lead to undercompensation, exact cancella-
tion, or overcompensation of the pressure effect.) 1In this program, a
test apparatus was constructed for the study of the effects of crossflows
up to Mach 1 on propellaut ballistics, and seven propellants (with system-
atically varied formulation parameters) were characterized in this apparatus.
In addition, a first generation analytical model for erosive burning of
composite propellants based on bending of coclumnar diffusion flames by
crossflow was developed and considerable progress toward Jdevelopment of
a more fundamental second generation model (still based on flame-bending)
was made. Results of the experimental and analytical efforts to date
are described in Section II. This work is being contiaued under AFOSR
Contract F49620-78-C-0016 in fiscal year 1978.




Existing published models of the combustion of aluminum particles
employ a flame-sheet approximation wherein the reaction of aluminum vapor
and oxidizer is assumed to occur instantaneously in an infinitesimally
thin reaction zone located some distance from the particle surface, with
the combustion thus being controlled by the diffusion of oxidizer and
fuel species to this zone. Preliminary calculations (neglecting condensa-
tion effect) of aluminum particle combustion with consideration of finite-
rate kinetics using kinetic data recently measured by Fontijn for the
reaction of aluminum vapor with carbon dioxide indicated that the flame-
sheet approximation is quite poor for aluminum particles smaller than
approximately 30 to 50 microns in diameter, a size regime of considerable
interest regarding aluminum combustion in solid propellant rocket motors.
In fact, this analysis indicated that aluminum particle combustion more
closely followed a dl- to dl's-burning rate law than the dz-burning rate
law which follows from the assumption of infinite kinetics. Since most
laboratory burning rate data available for aluminum particl!: cou:bustion
are for particles of 50 microns and larger diameter while alumirum cast in
motors is typically in the 5 to 20 micron diameter range, calculacion of
degree of combustion of aluminum in motors is quite sensitive to the power
law used to extrapolate the laboratory data to motor conditions. Accord-
ingly, a model allowing for finite-rate kinetics for the initial aluminum
vapor-oxidizer reaction and also incorporating a postulated description

of alumicnum oxide condensation was developed for further examination of

the sensitivity of predicted burning rate (and burning rate-particle
diameter dependency) to the assumption of infinite kinetics. Model devel-

opment results are presented in Section 1II.
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I1. EROSIVE BURNING OF COMPOSITE PROPELLANTS

A. Introduction and Background

Erosive burning refers to the augmentation of "normal" burning
rate of a sclid propellant by action of a flow of gas parallel to the burning
surface. Several empirical relations appear in the literature to describe
the total burning rate, which is the sum of the normal and erosive rates.

Data are often correlated by one of the following expressions:

€ = r/ro -]+ Kl(V - Vt)m, m<l1 (1)
e =/t = 1+K,M=-M)" m<1 (2)
e =r/r = 1+K (G- Gt)m, m<l1 (3)
e =ity =1+ @600 ) exp (Br s /0) 0)

€ = erosive burning rate/burning rate at same pressure
in the absence of crossflow

r = propellant linear burning rate, including erosive
effects

r = propellant linear burning rate in the absence of
crossflow

V = mainstream crossflow velocity

M = mainstream crossflow Mach Number

G = crossflow mass flux

L = length parameter defining crossflow Reynolds' Number

a, B8, Kl’ K2, K3. m = empirical constants

the fourth of these being a form of the Lenoir-Robillard expression. The
subscript "t" refers to threshold crossflow conditions below which erosion
does not occur. (Some propellants have been correlated with non-zero
threshold values, while others have been correlated with threshold values
set equal to zero.)

General observations of importance from the past experimental
studies (1-10) include:

1. Plots of burning rate versus gas velocity or mass flux at constant

pressure are usually not fitted best by a straight line.



2. Threshold velocities and '"negative" erosion rates are often
observed.

3. Slower burning propellants are more strongly affected by cross-
flows than higher burning-rate formulations.

4, At high pressure, the burning rate under erosive conditions tends
to approach the same value for all propellants (at the same flow
velocity) regardless of the burning rate of the propellants at
zero crossflow.

5. Erosive burning rates do not depend upon gas temperature of the
crossflow (determined from tests in which various "driver propell-

ant's" products are flowed across a given test propellant).

There is, however, very little data available for high crossflow velocities
(greater than M 4 0.3). 1In addition, there has been no study in which
various propellant parameters have been systematically varied one at a
time. Such a study is necessary for determination of erosive burning
mechanisms and proper modeling of the erosive burning phenomena. Much of
the past work has not resulted in instantaneous (as opposed to averaged
over a range of pressure and crossflow velocity) measurements of erosive
burning rates under well-characterized local flow conditions.

Erosive burning can have a strong influence on rocket motor
performance (ballistics) as reflected, for example, in pressure-time curves
for low port-to-throat area ratio motor designs. Such effects are parti-
cularly important in the case of nozzleless rocket motors, where the gas
flow 18 choked near or at the aft end of the grain through most or all of
the motor operation. Since this point is thus the effective throat, and
the throat area is thus a function of regression rate of a propellant
surface being subjected to a very high crossflow velocity, the result
is a chamber pressure-time history which is very dependent upon the erosive
burning characteristics of the propellant. The effects of erosive burning
on solid propellant rocket interior ballistics for low port-to-throat
area ratio motors and nozzleless motors are discussed in some detail by
this author in Reference 11. As an example, results of an analysis of
the ballistics of a nozzleless motor with initially uniform port area,
shortly after ignition, with an assumed no-crossflow burning rate pressure
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relationship of r = bpn and an erosivity relationship of ¢ = 1 + KZM’

afc/rfore)initial
as a function of the erosivity constant (KZ) and the burning rate exponent

are presented in Table II-I. Values of (r are presented

(n). As may be seen, for the case of no erosion (K2 = (), the aft end will
recede more slowly than the fore end, due to lower pressure at the aft end.
As K2 aft/rfore ratio also increases, going through unity
(generally desirable) at a value of KZ which depends on the burning rate

increases, the r

exporent. The results of Table II-I give some indication of the sensitivity
of nozzleless motor design to the erosive burning characteristics of the
propellant, and thus point out the importance of information regarding the
propellant's erosive burning characteristics to the designer and the
propellant formulator.

Since there is such a strong interaction between the local flow
environment and the propellant burning rate, it is necessary to be able
to predict this interaction in order to design and calculate the performance
of a low port/throat area ratio rocket (particularly a nozzleless rocket
with a port/throat area ratio of unity). A review of the literature has
indicated that there is no unifying model or theory which can be used to
reliably predict propellant burning rates in an erosive situation, nor is
there a supply of systematic experimental data characterizing the erosive
burning behavior of propellarts as a funciton of compositional variables.
Thus, development of an analytical model of erosive burning properly des-
cribing the physical effects which result in crossflow velocities augmenting
solid propellant burning rate, coupled with an experimental program to
define the effects of various parameters on erosive burning, is important

to the design and development of advanced solid rocket systems.

B. Analytical Modeling

1. Review of Past Work

Over the years, a large number of models of erosive burning of
composite (heterogeneous) and double-base (homogeneous) propellants have
been developed. A list of models by author's name, divided into four

categories of models, is presented as Table II-II. These models have been



TABLE II-I. Zero-Time Ballistic Analysis of Nozzleless
Motor with Initially Uniform Port Area
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0.4 0 0.72
0.5 1.08
1.0 1.45
1.5 1.80

0.6 0 0.61
0.5 0.92
1.0 1.23
1.5 1.54

0.8 0 0.52
0.5 0.78
1.0 1.05
1.5 1.31
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TABLE 1I-II. Erosive Burning Models by Category

1. Models Based on Heat Transfer from a "“"Core Gas'" in the
Presence of Crossflow:

Lenior & Robillard (15)
Burick and Osborn (16)

Zucrow, Osborn and Murphy (17)
Saderholm (3)

Marklund (7)

Jojic & Blagojevic (18)

2. Models based on Alteration of Transport Properties in Region
from Surface to Flame Zone by Crossflow, Generally Due to
Turbulence Effects. Includes Effects on Conductivity from
Flame Zone Back to Propellant and Effects on Time for
Consumption of Fuel Fockets Leaving Surface:

Saderholm, Biddle, Caveny, et al. (19)
Lengellé (20)

Corner (Double-Base) (21)
Vandenkerckhove (Double-Base) (22)
Zeldovich (Double-Base) (23)

Vilyunov (Double-Base) (10)

Geckler (24)

3. Models Based on Chemical Reacting Boundary Layer Theory
(Homogeneous Systems Only):

Tauji (25)
Beddini, et al. (26)
Kuo, et al. (27)

4., Other
Klimov (18)
~ Molnar (29)
Miller (30)
King (12,13)



discussed by this author in References 11 - 14, and will not be discussed

in detail here. A general weakness of the models in the first category
(models based upon added heat transfer from a "core gas" in the presence of
crossflow) is that they predict substantial dependence of the erosive burning
contribution on the temperature of the core gas: such dependence was found
by Marklund and Lake (7) to be absent, as discussed in References 11 - 13,
Of the models other than the one developed by this author and discussed
below, those of Lengellé (20), Beddini, et al. (26), and Kuo, et al. (27),
appear to be the most advanced of the models listed. Common to all three

of these models is the assumption that the increase in propellant burning
rate assoclated with crossflow results from turbulence associated with

this crossflow penetrating between the propellant gas flame zone(s) and

the surface, causing increases in mass and energy transport rates. However,
for a typical propellant containing oxidizer particles with diameters of
from 10 to 50 microns, diffusion flame distances may be calculated to be
typically of the order of one-quarter to one-half of the particle diameter,
or 2.5 to 25 microns. On the other hand, for a crossflow velocity of 200
meters/second (650 ft/second), the universal u+, y+ correlation (trans-
piration effects neglected) indicates a laminar sublayer thickness of
approximately 10 microns and a buffer zone thickness of about 50 microns,
full turbulence not being achieved closer than 60 microns from the propellant
surface. Moreover, transpiration of the binder and oxidizer decomposition
gases from the propellant surface will tend to increase the thickness of
these zones. Thus, it is not at all certain that crossflow-induced turbu-
lence does penetrate into the zone between the propellant surface and the
gas-phase fiame zone(s). In addition, even if the turbulent region does
extend into this zone, in order for the eddies to have significant effect

on mixing and thus on heat and mass transfer, they must be considerably
smaller than the flame offset distance; that is, they must be on the order
of one micron in diameter or less. It is not clear to this author that

a significant amount of turbulence of this scale will be induced in the zone
between the propellant surface and the gas-phase flame zone(s) by crossflows
up to Mach 1, more than an order of magnitude above typical erosive burning

threshold velocities. Accordingly, an alternate possible mechanism for



erosive burning of composite propellants based upon bending of columnar
diffusion flames by a crossflow has been postulated and model developemnt
based upon this picture has been carried out by this author.

In the development of a proper model of erosive burning of a
given class of propellants, it is necessary that a physical-chemical mech-
anism for the 'normal" (no crossflow) burning of such propellants be
specified, that the boundary layer flow be properly described (theoretically
or empirically) and that the description of these processes be properly
coupled.

Considering first the flow field, it is informative to estimate
flow profiles and angles near the surface of a composite propellant for
a typical erosive burning situation. As an example, let us examine a case
where the operating pressure is 6.89~106N/m2(1000 psi), the propellant
flame temperature is 3000°K, the crossflow mainstream velocity is 200 m/
sec (650 ft/sec), the characteristic length dimension for determining
Reynold's Number is 15 cm (0.5 feet) and the propellant burning rate is
1.25 cm/sec (0.5 in/sec). 1In this case, the gas velocity away from the
surface calculated at the flame temperature is approximately 4 m/sec (13
ft/sec). Using Mickley and Davis's (31) flow profile data for boundary
layer velocity profiles in the presence of transpiration, we estimate
that the crossflow velocity 10 um from the propellant surface is about
10 m/sec (30 ft/sec). A simplified energy balance equating the heat
feedback flux from a flame sheet above a propellant surface to the value
required for preheating and vaporizing the solid ingredients at a regression
rate of 1.25 cm/sec (0.5 in.sec) indicates that the gas—phase flame must
be on the order of 10 um from the surface. Thus, * the position of the
gas-phase flame front, the velocity component away from the propellant is
about 4 m/sec, while the velocity component parallel to the surface is
10 m/sec, and the resultant flow vector makes an angle with the propellant
surface of only 22 degrees. While this vector will vary with distance
from the surface, since the velocity components normal to and parallel
to the surface do not scale with distance from the surface in exactly
the same way, the variation will not be great. Thus, fuel and oxidizer
gas columns leaving the surface will not flow perpendicular to the surface
(as they would in the absence of crossflow, but at an angle of approxi-

mately 20 to 25 degrees from parallel with the surface for this typical case.



The important feature of this picture is that any diffusion
flame at the AP-~-binder boundaries is bent over toward the propellant
surface by the crossflow velocity. Since the deflection of this mixing
column or cone can be shown to cause the distance from the base to the tip,
measured perpendicular to the propellant surface, to decrease, the height
above the propellant at which any giveu fraction of the mixing of AP pro-
ducts and fuel decomposition products is complete should therefore be de-
creased and the distance from the propellant surface to the "average"
location of the diffusion flame should also be decreased. This in turn
will increase heat feedback and thus increase the burning rate. A first
generation model based upon this picture, which permits prediction of burning
rate-pressure-crossflow velocity relationships, given only no-crossflow
burning rate versus pressure data over a wide pressure range, has been
developed. This model, described briefly below, has been presented in
detail in Reference 13. 1In addition, considerable progress has been made
on development of a second generation model of a more fundamental nature,
requiring as input only propellant composition and particle size data:

formulation of this model is also discussed below.
2. First Generation Model

A schematic depicting the first generation composite propeilant
erosive burning model is presented in Figure II-1. In the first part of
the figure, we picture the flame processes occurring in the absence of
crossflow. There are two flames considered: an ammonium perchlorate
deflagration monopropellant flame close to the surface; and a columnar
diffusion flame resulting from mixing and combustion of the AP deflagra-
tion products and fuel binder pyrolysis products at an average distance
somewhat further from the surface. Three important distance parameters
considered are the distance from the propellant surface to the "average"
loation of the kinetically controlled AP monopropellant heat release (LI),
the distance associated with mixing of the'oxidizer and fuel for the diffu-
sion flame (L, . ), and the distance associated with the fuel-oxidizer
reaction time subsequent to mixing (Lkin)' A heat balance between heat

10
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feedback from these two flames and the energy requirements for heating
the propellant from its initial temperature to the burning surface tempera-
ture and decomposing it yields (assuming that the heat feedback required

per unit mass of propellant consumed is independent of burning rate):

o . % Tap = T) " k) (Te = Tg) 5)
0 qfeedback LI LDiff + LKin
TAP = ammonium perchlorate flame temperature
Tf = propellant flame temperature
TS = gsurface temperature
Ufeedback heat feedback flux from gas flames to propellant surface

kl = ratio of heat feedback flux from AP flame to the
average temperature gradient from that flame to the
surface

k, = ratio of heat feedback flux from columnar diffusion
flame to the averag: temperature gradient from that
flame to the surfa‘e.

The situation pictured as prevailing with a crossflow is shown

in the second part of Figure II-1. Since LI and L are both kinetically

Kin
controlled and are thus simply proportional to a characteristic reaction
time (which is assumed to be unaffected by the crossflow) multiplied by

the propellant gas velocity normal to the surface (which for a given

formulation is fixed by burning .ate and pressure alone), these distances
are fixed for a given formulation at a given burning rate and pressure
independent of the crossflow velocity. Of course, since c.ossflow velocity
affects burning rate at a given pressure through its influence on the
diffusion process as discussed below, LI and inn are influenced through
the change in burning rate, but this is simply coupled into a model by
expressing L_ and L as explicit functions of burning rate and pressure

I Kin
in that model. The important point is that they cen be expressed as functions

12




| A——

of these two parameters alone for a given propellant. However, the
distance of the mixing zone from the propellant surface is directly affected
by the crossflow. It may be shown through geometrical arguments coupled
with the columnar diffusion flame height analysis presented by Schultz,

Penner and Green (4), that L measured along a vector coincident with

Diff .
the resultant crossflow and transpiration velocities should be approximately

the same as LDiff in the absence of a crossflow at the same burning rate
and pressure (except at very high ratios of local crossflow velocity to

transpiration velocity). That is, the magnitude of L is essentially

Diff
independent of the crossflow velocity although its orientation is not.

Thus, the distance from the surface to the "average'" mixed region is de-

creased to LDiff sin 8 where 0 represents the angle of the average flow

vector in the mixing region. (See Figure II-1.) The heat balance at

the propellant surface now yields:

-T) k., (T, - T)
s’ ., 2 °f 8 (6)

raa [- 4
feedback LI LDiff gsin 8 + LKin

This picture has been used as the basis of development of a
first generation flame bending model for prediction of burning rate versus
pressure curves at various crossflow velocities, given only a curve of
burning rate versus pressure in the absence of crossflow. This model
employs no empirical constants other than those obtained from regression
anzlysis of the no-crossflow burning rate data. Thus, although it is not
as powerful as a model which would permit prediction of erosive burning
phenomena with no burning rate data at all (but only propellant composition
and ingredient size data), it is still a very useful tool, in that it
permits prediction of erosive burning characteristics given only relatively
eaisly obtained strand-bomb burning rate data. (By comparison, the
Lenoir and Robillard model employs two free constants which are adjusted
to provide a best fit of erosive burning data for a given propellant and
since these constants vary from propellant to propellant, the Lenoir and

Robillard model does not permit a priori erosive burning predictions for

13
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new propellants without some erosive burning data, whereas the first

generation model developed on this program does not require such data.

was:

3’

The general approach followed in development of this model

Derive expressions for LI’ L , and LK as functions of

Diff in
burning rate (or burning mass flux, mburn)’ pressure, and

propellant properties and substitute these into a propellant

surface heat balance.
Work the resulting equation into the form:

A 1/2

4
r =aPfl 4+ —b (7
° 3 1+ Ad_2p?

5°p

r = burning rate in absence of crossflow

P = pressure

dp = particle size of oxidizer (diameter)
Ayr As

empirical constants

for burning in the absence of crossflow and perform a regression
analysis using no-crossflow burning raie data to obtain best

fit values for A3, Aa, and AS' (dp is the average ammonium
perchlorate particle size. For a given propellant, the burning
rate data may be just as effectively regressed on A3, A“ and

A5 dpz, eliminating the necessity of actually defining an effect-

ive average particle size.)

From these results, obtain expressions for LI, LDiff’ and Lkin

as functions of burning rate br&%urn) and pressure.

Combine these expressions with an analysis of the boundary layer
flow which gives the crossflow velocity as a function of distance
from the propellant surface, mainstream velocity, and propellant
burning rate, to permit calculation of the angle 6, LI’ LDiff'
LKin’ and ™ urn for a given pressure and crossflow velocity.

14



Detailed equation development for this model is presented in Reference

13. 1Initial testing of the model was carried out using a systematic ero-

| sive burning data set taken by Saderholm (2). (This was the only systematic
erosive burning data set found in the literature with sufficient zero

crogssflow data to permit evaluation of A3, A&’ and Asdpz.) Results are

[ S

presented in Figure II-2. As may be seen, agreement between experiment

and theory is excellent over a wide range of pressure and crossflow velo-
cities, Further testing of this model against data obtained in the exper-
imental part of this program (described below) is presented later in this

report,
3. Second Generation Model

As indicated above, the first generation model does require
as input burning rate versus pressure data with no crossflow (i.e., strand
data) for each propellant for which erosive burning predictions are to be
made. A more fundamental model (with explicit calculation of the distances
of flames from the surface rather than inference of these distances from
zero crossflow data) of the propellant combustion process which would
permit prediction of burning rate versus pressure with or without cross-
flow, given only propellant composition and ingredient size data, 1is highly
desirable. During the second year of this program, this author has been
working on development of such a model for the rather limited case of pro-
pellants containing unimodal ammonium perchlorate oxidizer and no metal
additives (with plans to extend this model later to treat multimodal oxidizer
and metallized propellant cases). The first thought was to simply modify
the Beckstead-Derr-Price (BDP) model (32) for prediction of burning rates
of composite propellants as a function of pressure (in the absence of
crossflow) to allow for bending of the diffusion flame(s) considered in
that model. However, upon careful review of the BDP model, this author
found sufficient problems and areas of disagreement with that model that
it was decided to develop an entirely new composite propellant combustion
computer code (embodying many of the BDP concepts, while modifying or
replacing others) with the flame-bending mechanism described in the pre-
ceding section embedded in the mathematical analysis. Major modifications
to the BDP model included are:

}
g
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1)

2)

3)

4)

5)

6)

Variation in the ratio of local oxidizer-surface intersectional
area to the binder surface area as the propellant surface :egreases
past an oxidizer particle is considered. (In the BDP model,

a geometrical average ratio 1s used; this involves an assumption

that a lot of very nonlinear processes can be linearly averaged.)

The kinetics of subsurface/surface exothermic reactions are
congidered, with use of rate expressions based upon the work

of Waesche and Wenograd (33). (In the BDP model, subsurface/
surface heat release is included with the endothermic ingredient
vaporization heats, with the resultant implicit assumption that
the amount of heat release in these reactions per unit mass of

propellant is independent of such parameterc as burning rate.)

A correction of an inconsistency in definition of areas in the
BDP model 1is made.

The calculation of the dimensionless stoichiometric group needed
for calculation of the diffusion flame height via the Burke-
Schumann (34) analysis is modified. (The group used in the
BDP model is inconsistent with that defined in the original

work of Burke-Schumann.)

A two-flame (fuel-gas/oxidizer-gas columnar diffusion flame and
ammonium perchlorate monopropellant flame), rather than a
three-flame model, is used. (With correction of the calculation
of the stoichiometry dimensionless group for the Burke-Schumann
analysis, it no longer appears necessary to differentiate between
the parts of the diffusion flame inside and outside of an ammonium

perchlorate monopropellant flame.)

The procedure for calculation of heat feedback from the diffusion
flame and the AP monopropellant flame is modified. (In the BDP
model, all flames are considered to occur in flame sheets at
discrete distances from the surface: in the current model, the

AP monopropellant heat release is treated as a flame-sheet

type heat release, but the diffusion flame heat release is considered
to occur over a finite range of distances from the propellant
surface.)

17
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7) The distance associated with oxidizer-binder gas interdiffusion
in the presence of crossflow is assumed to be reduced by »a
factor, sin 8, where 8 is the angle of the resultant of the
crossflow and transpiration velocities relative to the surface,

as in the firB‘t generation model.

A major assumption made in the BDP model (and variants thereof)
is that one may work in terms of an average oxidizer-fuel ratio for a given
size oxidizer particle. In reality, however, an oxidizer particle and the
fuel surrounding it (and associated with it) will be receiving heat feedback
from a diffusion flame of strongly varying oxidizer/fuel ratio during its
burning. As the oxidizer particle first becomes exposed to the surface,
with only its tip showing, the local oxidizer-fuel ratio will be quite low.
As the burning surface passes the equator of the particle, however, the
oxidizer-fuel ratio will be comparatively high, and as the particle burns
out, the ratio will again be low. Implicit in the BDP use of an 'average"
oxidizer-surface planar intersectional area is the assumption that all of
the highly non-linear dependencies of burning rate, flame temperature, and
consequently heat feedback from the diffusion flame can be linearly
averaged over the range of the variations during regression of the propellant
surface through the oxidizer. Things may work out this way, but this
appears to this author to be a somewhat risky a priori assumption.
Accordingly, in this model (limited thus far to unimodal oxidizer) an
attempt is made to allow for the variation in local oxidizer/fuel ratio
associated with the burning of an individual oxidizer particle due to the
variation in relative oxidizer-fuel surface intersectional areas as the
surface regresses through the particle.

In deciding how to treat this variation (or, indeed, whether to
treat it) one must first address the question of propellant surface and
subsurface response to variation in heat feedback flux from the varying
oxidizer/fuel gas-phase diffusion flame. If the burning rate response 1is
very slow, such variations in feedback flux are damped out and the aver-
aging procedure of BDP is probably adequate. If, on the other hand,
response of burning rate variations to heat feedback flux variations is

sufficiently fast, one may use quasi-steady state calculations of the burning

18



rate at each fuel/oxidizer area ratio during the regression of the burning
surface through the particle and then properly average these to arrive at
an average burning rate. In between these extremes lies great difficulty.
A transient heat conduction program allowing for surface ablation was
employed to examine the response of ablation rate to variation in heat
flux to the surface. Variations in heat flux up to 106 cal/cmzsecz
(corresponding to approximate doubling of heat feedback flux from a
typical steady-state value in 0.50 msec, the time required for a propellant
burning at 2 cm/sec to regress 10 microns) were examined. In all cases,
the burning rate response was found to track the feedback flux variation
within 10 percent. Accordingly, it was concluded that use of a quasi-
steady-state approach to calculation of propellant burning rate at various
oxidizer/fuel ratios assoclated with different intersections of the pro-
pellant burning surface with a given oxidizer particle would not be seriously
in error.

As mentioned earlier, this second generation model is presently
limited to unimodal oxidizer particle size. Having concluded that one can
use a quasi-steady-state approach to calculating burning rate as a function
of the ratio of planar areas of oxidizer and associated fuel intersected
by the regressing surface, one is next faced with the question of how
to calculate the distribution of these areas. Since composite prosellants
are normally quite highly loaded with solid oxidizer in the rubber fuel
binder, and since with unimodal oxidizer propellants the desire for these
high loadings tends to lead to loadings approaching maximum theoretical
loading, it was decided that as a reasonable approximation, one might
assume a regular packing of oxidizer crystals in the binder corresponding
to the arrangement of a cubic closest packing array, though with the spacing
larger than that for a true cubic closest packing, corresponding to less
than 100 percent of theoretical maximum loading. Simple geometrical
considerations then permit one to calculate the characteristic lattice
dimension Dl (where lattice spacings in three mutually orthogonal planes
are given by Dl’ 0.866 Dl’ and 0.82 Dl) as:

1/3
. (0.737)1/3 - .(0.737[WFO/p°x + (1 - WFO)/pE]pox) . B
1 VLO () WFO o
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VLO = volumetric fraction oxidizer in propellant
D = oxidizer diameter
WFO = weight fraction oxidizer in propellant
p = oxidizer density (1.95 gm/cm3 for ammonium perchlorate)

ox
= fuel (binder) density (0.92 gm/cm3 for HTPB or CTPB
binders)

Pe

It is arbitrarily assumed that the propellant burns in the direction
in which the planes of oxidizer are separated by 0.82 Dl' This distance
is broken up into equally spaced increments and straightforward geometrical
relations are then used to calculate the planar intersection area of the
burning surface with the oxidizer (APOX) and its associated fuel planar
area (AFU) at each of the intersection planes, with the assumption that
wherever two layers of oxidizer overlap the fuel 1is apportioned between
them in the ratio of their planar surface intersection areas. The result
of these calculations is a table of planar oxidizer-surface intersectional
area (APOX) and associlated fuel surface area (AFU) versus distance of the
intersection plane from the top of the particle (XDTOP). Results of a
typical calculation are presented in Table II-III., Burning rates for each
of these conditions (starting at the top of the particle since one must
allow for different regression rates of fuel and oxidizer) are then calcu-
lated as described below and an averaging procedure, also described below,
is then used to calculate the propellant burning rate.

Next let us address the question of calculation of propellant
burning rate at each of the conditions defined by the various distances
of the burning surface intersection plane from the top of the oxidizer
particle, as listed for the example in Table II-III. First, since as men-
tioned above, different oxidizer and fuel regression rates are to be allowed,
one must address rather carefully the questions of surface geometry and
mass conservation at the surface. In this model, as in the BDP model, the
fuel is assumed to regress in a planar manner, and the oxidizer-fuel surface
is forced to be continuous at their intersection. These restrictions,
coupled with the fact that the linear regression rates of fuel and oxidizer
parallel to their directions of regression are allowed to differ, force

the oxidizer surface to assume a curved shape as it regresses. Oxidizer

20
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TABLE II-II1. Variation of Oxidizer Planar Surface Intersection
Area and Associated Fuel Surface Area with Distance
of Intersection Plane from Top of the Particle -
Typical Case '

Particle Diameter = 20 microns

Weight Fraction Oxidizer = 0.73

Oxidizer Density = 1,95 gm/cm3

Binder Density = 0.92 gm/cm3

Volumetric Oxidizer Loading = 56.05 percent

D, = 21.91 microns

1
XDTOP APOX AFU
Increment Distance from Top Planar Oxidizer Planar Fuel
Number of Particle (microns) Intersectional Area (microns) Area (microns)
1 0.119 7.4 19.1
2 1.017 60.6 147.2
3 1.915 108.8 280.4
4 2.813 151.9 263.8
5 8.712 18.19 225.8
6 4.610 222.9 192.8
7 5.508 250.8 165.0
8 6.407 273.6 142.1
9 7.305 291.3 124.4
10 8.203 304.0 111.7
11 9.101 311.6 104.1
12 10.0 314.2 101.5
13 10.899 311.6 104.1
14 11.797 304.0 111.7
15 12.695 291.3 124.4
16 13,593 273.6 142.1
17 14.492 250.8 165.0
18 15,390 222.9 192.8
19 16.288 189.9 225.8
20 17.187 151.9 263.8
21 18.085 108.8 280.4
22 18.983 60.6 143.2
23 19.881 7.4 19.1
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mass fluxes may be expressed relative to either the actual curved surface

area or the planar projection of this area, the two values being related by:

r
. - m 02K
mox'p(APOX) Do, 5 (ASOX) s (ASOX) (9,9a)

oxidizer mass flux, based on planar surface projection

He
[

ox,p
= oxidizer mass flux, based on actual total curved surface

0X,8
area

APOX = planar projection of oxidizer surface area

ASOX = total curved oxidizer surface area

5o linear regression rate of oxidizer, normal to its surface

Pox ™ oxidizer density

The average mass flux of fuel and oxidizer normal to the mean regression

plane is given by:

2 . mfuel(AFU) + mox’p(APOX) - mfuel(AFU) + moxls(ASOX)

AFU + APOX AFU + APOX (10)
It is important to know the value of ASOX at each plane since the Arrenhius
expression relating oxidizer mass flux to surface temperature must be

written in terms of m to be meaningful:
oX,8

0oX,8 - BOX b (-EOX/RT.) (11)

Box = pre~exponential rate factor

on = activation energy of oxidizer surface ablation reaction

Ts = gurface temperature

A similar expression for the fuel pyrolysis rate:
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fuel/RTs) (12)

enables one to calculate the ratio of oxidizer and fuel regression rates

as a function of surface temperature:

m
Tox 0X,8 Pfuel = Pfuel Box

Tfuel pox Bfuel

exp(-on/RTs)

exp(-Efuel/R'I’S

(13)

mfuel pox

There is considerable uncertainty as to best values to be used for Box’

B » E_, and E :
fuel ox fuel
values is required. Note that it has been assumed here that the oxidizer

thus, parametric study of the effects of these

and fuel surface temperatures are equal. This is probably not a particularly
good assumption, but relaxing it requires a rather complex three-dimensional
heat transfer analysis.

Now, how does one go about calculating ASOX for succeeding regression
intervals through the oxidizer particle? First, it is assumed (approximated)
that at the first increment after the tip of the particle becomes exposed
(in Table II-III, when the distance from the top of the particle is 0.119
microns) the oxidizer surface is planar. The procedure outlined below for
calculation of burning rate, given the local oxidizer/fuel area ratio, is
then used to calculate the oxidizer and fuel linear regression rates under
the conditions given for this first increment. The fuel regression rate
is then used to calculate the time for the regressing fuel to reach the
second increment (distance from the initial particle top of 1.017 microns

in Table II-II1) as:

TAUZ-(XDTOP = XDTOPl)/rf (14)

2

The distance which the center of the AP particle peak regresses in that

time is then calculated as:

A(DELOX) = rox(TAUZ) (15)
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Similar procedures are followed for each succeeding increment, yielding

for each XDTOP (distance of fuel surface from the initial top of the

oxidizer particle)a value of DELOX (distance of the center of the oxidizer
surface from the initial top). The geometrical method depicted in Figure

1I-3 (for a case where the oxidizer regresses more slowly than the fuel)

is then used to calculate ASOX at each calculational increment, Applying

the Pythagorean Theorem to the larger tiangle and using |H| - |XDTOP = DELOXI s

2

2R, |XDTOP - DELOX| = A” + (XDTOP - DELOX) (16)

while similar analysis of the smaller triangle yields:

A2 - DO(XDTOP) = XDTOPZ

(17)
Elimination of A from these equations and use of ASOX = 21rR1|X TOP - DELOX|

then gives:
ASOX = n[(XDTOP)Do -~ 2(XDTOP) (DELOX) + DEL0X2] (18)

For the calculation of the columnar diffusion flame between fuel
gases from the binder pyrolysis and oxidizer gases from the oxidizer decom-
position (discussed later) several other parameters associated with the
surface configuration of the oxidizer particle-associated fuel combination
at each increment must be calculated. First, the combined radius of the
oxidizer and binder gas streams (in this model, a modified Burke-Schumann
analysis with a fuel annulus surrounding an oxidizer gas core is employed

for the columnar diffusion flame calculation) is calculated as:

Rpg ™ /(AFU + APOX) /7 (19)

RBS = outer radius of fuel annulus

In line with the requirement in the Burke-Schumann analysis that the linear

velocity of the fuel and oxidizer streams have the same initial
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ORIGINAL OXIDIZER PARTICLE

PLANE AT WHICH

OXIDIZER PARTICLE
¥ DELOX FIRST BECOMES EXPOSED
XDTOP H
¥ =\ CURRENT
SURFACE INTERSECTION

PLANE (CURRENT
k\ l FUEL SURFACE)

CURRENT OXIDIZER
SURFACE
TAU

XDTOP = ‘[ 'fml dt= % ".j TAU,
0

TAU

DELOX -j fox dt= 2 fox, j TAUi
0

Figure 11-3. Schematic Demonstrating Calculation of Oxidizer Surface Area at Some
Time, TAU, After First Exposure of the Top of the Oxidizer Particle.
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value, the oxidizer and fuel gas streams leaving the surface are assumed
to adjust their areas quickly from the planar areas of the solids to meet
this requirement. Since the temperature at the surface is assumed to be
the same for the fuel and oxidizer, and pressures are equal, this leads to

an expression for the radius of the inner oxidizer gas jet of:
l;'fuel(AFU)(Mw)ox e
Los = Ruof{ + 5 (20)
mox,s(Asox)(Mw)fuel

= oxidizer gas column radius

L
BS
MW = molecular weight of oxidizer gases (estimated to be
approximately 35 for ammonium perchlorate)

wa 1 molecular weight of fuel pyrolysis gases (estimated to
= be approximately 19 for CTPB or HTPB binder)

The linear gas velocity away from the surface, also required in
the modified Burke-Schumann analysis, as well as for calculation of charac-

teristic reaction distances (products of reaction times and this velocity)

is calculated as:

mox,s(Asox)RTsurf o5

vgas,surf MW ( )2P
( )ox" LBS

vgas,surf = gas velocity away from propellant gurface

P = pressure

Finally, the ratio of the molar fuel/oxidizer ratio to stoichio-
metric molar fuel/oxidizer ratio for the combined fuel and oxidizer streams
(¢), also required in the modified Burke-Schumann analysis, is calculated as:

2 . 2
c 5
oot "s 2"ns =5
1 Lgs

C2 = fnitial concentration of fuel in the binder pyrolysis
product gases

C1 = initial net (excess of oxidizer over fuel molecules) con-
centration of oxidizer in the oxidizer deompostion product

gases
i = gtoichiometric moles of fuel per mole of oxidizer.
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Since the initial pressure and temperature of the fuel and gas streams are
the same, the concentration ratio C2/C1 may be replaced by a ratio of mole
fractions Y2/Y1. The mole fraction of fuel in the binder pyrolysis products
for HTPB and CTPB binder systems in the absence of subsurface reactions
depleting some of this fuel (as discussed later) is approximately 0.96,
while the initial net mole fraction of oxidizer molecules in the decompos-
ition products of ammonium perchlorate is approximately 0.28, For an
HTPB/AP or CTPB/AP system, the stoichiometric moles of fuel per mole of
oxidizer are about 0.6, calculated on the basis of HZO’ CO2 stoichiometry.
(These calculations, as well as the calculations of molecular weights for
ammonium perchlorate and HTPB decomposition gas streams mentioned earlier
are based on HTPB binder yielding approximately 0.16 moles CO, 0.03 moles
N2, and 5.0 moles C 1 per 100 grams; and AP yielding approximately 5
1 mole HC10,, 1 mole HCl1l, 1 mole N

1.4%2,

2 moles C1l0 0,

moles H20, 2 moles NH3, 3 4° 2
1.5 moles 02. 0.5 moles Clz, 1 mole NO, and 1 mole H2 per 585 grams.)
With subsurface reactions, the fuel mole fraction 18 reduced by a factor
(1 - B) while the oxidizer mole fraction is reduced by a factor (1 - a)
where B is the fraction of fuel consumed in subsurface reactions and
a 1s the fraction of oxidizer consumed in these reactions. (See later
discussion.) With these substitutions, Equation 22 becomes:
2 2
.. Y, (1 - B) (Ryg --Lgs ) )
i Yl,o(l - a) LBS

Y2 = mole fraction of fuel in binder-pyrolysis products in
'O absence of subsurface reactions

Y = mole fraction of oxidizer in oxidizer decomposition
'0 products in absence of subsurface reactions.

The burning rate of the propellant at any given set of oxidizer/
fuel conditions (any regression increment) is controlled by heat releases
(exothermic reactions) at various locations. In this model, we consider
three principal heat release zones: (1) heat release in a thin subsurface
zone quite near (and including) the propellant surface; (2) heat release

in the gas-phase above the propellant from ammonium perchlorate decomposition
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products burning as a monopropellant; and (3) heat release from a diffusion
flame between AP decomposition (and monopropellant flame) products and fuel
vapor released by binder pyrolysis.

The subsurface/surface heat release is calculated by an iterative
process, coupled with the remainder of the model, in which an estimate of
the subsurface temperature profile is made and substituted into an Arrenhius
rate expression representing subsurface heat release rate data measured by
Waesche and Wenograd (33), which is then integrated from the surface into
the propellant to obtain the total subsurface heat release per unit mass of
propellant. This procedure differs quite a bit from that of the BDP model,
in which the amount of subsurface heat release per unit mass of propellant
is assumed to be a constant, independent of such parameters as burning rate,
and is included with the binder heat of vaporization. Since the subsurface
temperature profile steepens rapidly with increasing burning rate, our
procedure results in the subsurface heat release per unit mass of propellant
decreasing with increasing rate. As will be discussed later, the surface
energy balance in this model is written with the surface area of the oxidizer
and assoclated fuel as the basis: thus all terms appear in the units of
energy/time. For bookkeeping convenience, the surface/subsurface heat

release term is written as:

q - mox’s(ASOX)QExo a (24)

sub
ésub = heat release via subsurface reactions, energy/time
= heat release per unit mass of oxidizer consumed in

Q
EX0 surface/subsurface reactions

a = mass fraction of oxidizer which reacts at or below the
surface

For an AP-HTPB binder system, ie approximately 1150 calories per gram

Q
EXO
of oxidizer. It is assumed that a stoichiometric amount of fuel is reacted

with the oxidizer in these surface/subsurface reactions. Thus the fraction

of fuel reacted in these reactions, 8, is given by:
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n  (ASOX)
g = SMRBO —2X*28 (25)

mfuel(AFU)

SMRBO = stoichiometric ratio (mass) of binder to oxidizer
(0.111 for HTPB/AP or (TPB/AP systems)

= mass flux of fuel

mfuel

AFU = fuel surface area

Based upon Waesche and Wenogzad subsurface reaction rate data, the fraction
of oxidizer reacted per unit time is given for AP/CTPB systems as a function

of temperature by:

R exp(-Esub/RT) (26)

a o BSub
B . =5.1(10)1%/p for D > 20u
sub o o

- 11
Bsub 2.55(1077) for Do < 20u

oxidizer particle diameter in microns

o
n

Bsub = pre-exponential for subsurface reaction rate equation

sub - activation energy for subsurface reaction rate equation

T = temperature

The unperturbed (uncoupled) subsurface temperature profile is given by:

T = (Ts - To)exp(roxpoxcpoxxlkox) B (27)

T = surface temperature

T = propellant bulk temperature

o
rox = linear regression rate of oxidizer
P ox = oxidizer density (1.95 gm/cm3 for ammonium perclilorate)
Cpox = oxidizer heat capaciiy (approximately 0.4 cal/gm °K for AP)

A = oxidizer thermal conductivity (approximately 0.001 cal/cm sec
oxX o
K for AP)

x = distance from surface (sign convention such that it is nega-
tive below the surface).
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Substitution of Equation 27 into Equation 26 and integration of:

- X R dx
a

X
a = (28)
~/. T ox

x' = distance below surface (sign convention such that it is
negative) at which reaction rate drops to ~1 percent
of its surface value

yields, with use of the approximation e’ X 1-u, in Equation 27 and

x' ¥%0,25 1 /r p C
OX 0X OX pox

2

-E
e-o.zszsub(rs - To)/RTs ]

B A e Bub/RTBRT 20 -
n, sub ox 8
a 5

ox poxcpoxEsub

(29)

(T, - T,)

Thus Equation 29 relates the mass fraction of oxidizer reacting exothermically
at or below the surface to the surface temperature and linear regression
rate of the oxidizer and may be used in an iterative procedure with the
surface energy balance given later and Equation 11 to solve for all three
quantities.

As regards gas-phase heat release zones, a two-flame approach
was chosen for this mcdel, the two flames being an AP monopropellant flame
and a columnar diffusion (Burke-Schumann) flame. The reasons that a two-

flame rather than a three-flame model (as the BDP) was chosen were:

1) Mathematical simplication.

2) Lack of apparent difference in a diffusion flame between AP
decomposition products and fuel and a flame between AP monopro-
pellant flame products and fuel. In both cases, the overall
stoichiometry is the same since, while AP decomposition products
bring more oxidizer into a binder fuel stream then do AP monopro-
pellant flame products, they also bring more fuel, with the result
that the overall mixture ratio at a given point is nearly the

sanme.
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3) Provisions were made in calculation of the AP monopropellant
heat release to allow for consumption of reactants for that flame
in that part of the columnar diffusion flame which occurred
inside the AP flame.

Three distance parameters are important in calculating heat feed-
back from these gas flames to the propellant surface. These are pictured
in Figure 1I-4. These distances are FH90 sin 6, LAP and LRX' FH90 refers
to the distance associated with completion of 90 percent of the mixing of
fuel and oxidizer gas products. (If there were no reaction delay, this
would be equivalent to the 90 percent heat release point.) LRx refers to
the reaction distance associated with the binder gas-oxidizer gas flame,
and LAP refers to the reaction distance associated with the monopropellant
AP product flame (both being characteristic times divided by the gas velo-
city away from the surface as in the first generation model.) As before,
flame bending is assumed to reduce the distance t0 the end of the columnar
diffusion heat release (90 percent point) by reducing FH90 to FH90 sin 6,
measured perpendicular to the surface. FH90 is calculated as a function of
various parameters using a modified Burke-Schumann analysis as described
below. A series of calculations of FH90 as a function of these parameters
were generated externally and correlations of the results were used in the
final program. In this model, it is assumed that the fraction of planar
projection of surface, APOX/(APOX + AFU) receives flux from both the AP
and columnar diffusion flames (the latter at the adiabatic flame tempera-
ture, T, which is a function of the oxidizer/fuel ratio, éox'S[Asoxl/
ﬁfueIIAFU]) while the remaining fraction of the surface receives flux only
from this diffusion flame; however, these fluxes are assumed to smear out
uniformly in the propellant. Thus, the total heat flew from the gas-phase

heat release zones 1is given as:

APOX . AFU

(qaetiea flcmel) h o o (qdiffusion flame)

L e
]

il

(30)
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Heat release from the AP monopropellant flame is assumed to be a planar one,
resulting in a discontinuity in the temperature derivative at its point of
release, while the columnar diffusion flame is assumed to release its

heat uniformly between x = LRx and x = LRX 4+ FH90 sin 6. Actually, it would
be better (more physically realistic) to assume different uniform heat
releases in the LRX< X < LAP and the LAP < X < LRx + FH90 regions with the
difference related to the heat release at the AP reaction plane. Sample
calculations, however, indicate that the effect on predicted burning rates
is small, while the added complexity of this apptoach 1s considerable.

With use of multiple algebraic manipulations, we arrive at the following
expressions for the heat fluxes at the surface (allowing for reduction

of reactants available for the AP monopropellant reaction by occurrence of

some diffusion flame reaction closer to the surface):

z z
: - 1) - ) 2 1)
m Cp(Tf Ts e fl t CpFH90 sinﬁkfe D
£ oo, (31)
(e * - 1) &t - A (e ? - 1)
) cpm9o sin 8°

941ffusion flame -

qseries flames = qdiffusion flame +

(L.. - L..)||mC FH90 8in8 = z ]
: _ _AP RX_ p iy
mQup(l - ")[} FH90 sin el[ N

m C FH90 sin 8 zl z,
P X e =-e +1

z, = me(LRx + FH90 sin g) /A
- &cpm9o sin 8/)

z, = me(FH90 sin 6 + LRX - LAP )/A

m = average surface mass flux (based on planar area)

C_ = gas heat capacity (function of oxidizer/Fuel ratio as
P discussed later)

T, = flame temperature

T = surface temperature

A = thermal conductivity of gas (discussed later)

= Heat release per unit mass associated with HClOA(g) +
NH3(3) + Equilibrium Products

a = Fraction of AP reacted below surface

k!



Next, let us consider the calculation of the distances LRX’

LAP’ and FH90 (and FH90 sin 8). The distance FH90, which is calculated from
a modified Burke-Schumann columnar diffusion flame analysis (modified to
allow for axial diffusion) is defined as the distance from the starting plane
at which 90 percent of the fuel (for oxidizer-rich cases) or 90 percent of
the oxidizer (for fuel~-rich cases) will be consumed, assuming infinite
reaction kinetics. This definition of the characteristic diffusion distance
differs from that of the BDP model where the characteristic distance is
defined as the distance from the starting plane to the point of closure
of the flame over the oxidizer (fuel-rich cases) or the fuel (oxidizer-
rich cases). One serious problem with use of the flame closure point to
define the characteristic distance is that is has a singularity for stoichio-
metric situations: that is, for stoichiometric oxidizer-fuel ratio, the
flame does not close and this characteristic distance goes to infinity.
Since most of the heat is still released fairly close to the surface, this
latter definition of a characteristic diffusion distance leads to seriously
misleading results as regards heat feedback to the propellant surface at
near stoichiometric oxidizer-fuel ratios: at oxidizer-fuel ratios far from
stoichiometric, FH90 and the distances associated with flame closure differ
only slightly.

While the Burke-Schumann analysis (and its modification allowing
for axial diffusion) deals with a central fuel circular jet surrounded by
an annular jet of oxidizer, we have here reversed the situation. This does
not basically change the analysis, but could lead to confusion regarding
nomenclature for anyone comparing equations. The modified Burke--Schumann
analysis results in a series expression for the concentration of oxidizer
as a function of axial position (distance from the propellant surface)

and radial position (distance form the center of the oxidizer particle

surface:
2 2 2
C tlgg Lgs Slgs
e S\ e i) e R
Rgs ~ Lps / Rgs  Rgg - Lgg

2 ¢ ‘ ] J.(u L _)J (u.r) 2Dy ) 1/721v. x
s , *lus bR e Ui oy | P e N sy e e
| Cham o 1,6 )12 v 20
Rps Res “Las Jnwy ™ © nBS gas
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where:

¢ = (actual molar fuel/oxidizer ratio)/(stoichiometric molar
fuel/oxidizer ratio) (It appears that in the BDP analysis
the stoichiometric fuel/oxidizer ratio is abritrarily set
equal to -0 ,)

LBS = oxldizer jet radius

RBs = outer radius of fuel annular jet

C, = initial concentration of oxidizer in the central oxidizing
gas stream

C = oxidizer concentration at any radial position r and axial
position x (Negative values exist. Physically these repre-
sent fuel regions, with the magnitude of C representing the
concentration of oxidizer needed to react stoichiometrically
with the fuel at that location.)

r = radial distance from center of oxidizer surface
x = axial distance from propellant surface

v = axial gas velocity
D = gas diffusivity (Discussed later.)

u_ = nth positive root of Jl(unRBS) =0

J = zero order Bessel Function

J. = first order Bessel Function

This equation was programmed for solution for oxidizer concentration as

a function of r and x for any given set of four independent parameters:

LBS’ D/Vgas’ ¢, and RBS/LBS,which may be seen to specify the problem. In

this program, the first nine terms of the series expression (n = 1...9)

were used. The program also included integration of the profiles from
r=0tors= RBS at various values of x for evaluation of the fraction

of the deficient ingredient reacted as a function of x. (Negative values

of C were set equal to zero, of course, in this integration.) These fractions
were then plotted against x to determine FH90 as a function of the four

independent parameters:

FH90 = f1“‘as’ D/Vsas. ¢y RBS/LBS) (34)
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An extensive set of calculations covering a wide range of each of these
variables was carried out and tabulations and correlations of the results
were built into the final combustion model.

The reaction distances, L_ . and LAP’ are calculated as the products

RX
of reaction times and gas velcoity away from the surface. Using the Zeldo-
vich approach for premixed flame analysis along with several minor approxi-

mations which will not be detailed here, we arrive at for the oxidizer-fuel

reaction distance, LRX:

2, 2
o Kor Ygas,eure * 9T (exp(Eycr op/RTp))

RX ) (35)

EACT oF = activation energy for the fuel-oxidizer reaction,
’ probably about 11,000 calories/mole for ammonium
perchlorate systems based on the data of Powling

KOF = constant including the pre-exponential for the
reaction rate term along with several other propor-
tionality constants such as the gas law constant

For the ammonium perchlorate reaction distance, we find, neglecting
variation of temperature at the AP heat release site (probably not a very
bad approximation due to the low activation energy associated with the

ammonia-perchloric acid reaction):

- KAP Vgas,surf (36)

LAP P

KAP = constant including the pre-exponential for the reaction
rate term along with several other proportionality constants

(Note that both reactions have been assumed to be second order, as shown
by the dependence of the L's on pressure. This assumption could easily

be relaxed to treat an nth order reaction by replacing P in the denominator
n-1
by P )
The same approach to calculation of sin 6 was used in this model

(12,13)

as in the first generation model, the resulting equations being:

T
f
Ugns,x = FH90 s8in 6 Vgas,surf Ts S
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0.9 0.9P0.9

vt - 10.5(FH9) sin e)(ﬁcroasflow) Tf
Dgﬂinnel([Ts * Tf]/z)l'8
' N
u* = ¥* for ¥t <5
" = -3.05 +5.00 InY" for 5 <Y <30 §

vt = 5.5+ 2.5 1Yt for Y1 >30

Ucrossflow,x = FH90 sin 6 =

Jo.023@ 409, 0.1871
U crossflow f exp(-60 U /i )
0.1 p0.1 gas,x = FH90 sin 6  ecrossflow
channel
)}
sin 0 = "gas, X = FHI0 sin 8

u? + vl
gas,x = FH90 sin 6 crossflow,x = FH90 sin 6

= linear gas flow rate away from propellant

)]
gas,x = FH90 &in 6 at distance FH90 sin 06 from the surface

] = linear gas crossflow rate at distance
crossflow,x = FHI0 sin 6 FH90 sin 6 from the surface

6 = angle between resultant velocity vector
and planar surface (See Figure II-4.)

Y = dimensionless value of FH90 sin 6

U = dimensionless crossflow velocity at X =
FH90 ein ©

Ucrosaflow = mainstream crossflow velocity
Dchannel = flow port hydraulic diameter

As mentioned earlier, the final flame temperature, Tf,‘depende

on the relative flow rates of fuel and oxidizer gases at each calculational
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increment during progression of the propellant aurface through the

oxidizer. Accordingly, a table of flame temperature calculated with a
thermochemical equilibrium program versus a parameter representing the
relative flow rates is generated for the propellant system of interest
(e.g., HTPB~-AP) and included as a tabular look-up in the final program

in the form:

m  ASOX
-] 0X:8 (42)

nfutl

In addition, the product gas heat capacity is somewhat dependent
upon this parameter and an additional tabular look-up, based on thermo-

chemical calculations,of the form:

mox 4 ASOX
C o= £ [ X8 (43)
mfuel AFU

is included.

At this point, we have 26 equations (9, 9a, 10 - 13, 19 - 21,
23 - 25, 29 - 32, 34=43) in 27 unknowns (mgx,p' ?ox,a’.rox
y & Cpt a, B, q

Pfuel’ Ts’
sub’ qgas' 9geries flames,

+ o+
» Lypr Txr FH90, 80 T Upag x @ Fm90 stn 0> ¥+ U

). For closure of the problem, we finally write

, m,
T fuel’ RBS’ LBS' vgas, surf

41iffusion flame

Ucrossflow,x = FH90 8in @
an energy balance at the propellant surface as:

Pfuel

(AFU) [C (TB-T)+Q ] + (1L -8) +

o melt, fuel mfuel(AFU)quel vap

p,fuel

mox,s(Asox)[cp,ox(Ts ) To) # Qmelt,ox] g mox,s(Asox)qubl(1 SOE (44)

sub u qgal

c = golid fuel heat capacity (0.3 cal/gm °K for HTPB or
p,fuel CTPB)

Cp — solid oxidizer heat capacity (0.4 cal/gm °K for AP)
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Q, = heat of melting of binder (0O for HTPB and CTPB which
elt, f
are assumed not to melt)

Qmelt,ox = heat of melting of oxidizer (30 cal/gm for AP)

= heat of pyrolysis of fuel (433 cal/gm, endothermic,

“ne1t,vap for HTPB)

= heat of sublimation of oxidizer (450 cal/gm, endother-
mic, for AP)

qubl

The resulting 27 equations (some of which, as mentioned, are
tabular look-ups or correlations of one parameter as a function of others)
are solved simultaneously in a computer program for each given set of value
of ASOX and AFU associated with each surface regression increment. Among
the outputs of each solution are values for T ox and rfuel which are used in
calculation of ASOX from the known APOX for the succeeding increment via
Equations 14 - 18.

In the solution procedure, the thermal conductivity of the gas
and the ratio of diffusivity to gas velocity (one of the independent para-
meters in Equation 34), both proportional to the square root of temperature,
are evaluated at the average of the flame and surface temperature.

As mentioned earlier, definitive values for B .’ on, Bfuel' and
are hard to come by, as are values for the gas-phase reaction pre-

E
fuel
exponentials, K, and K . In addition, further study of the Waesche and

Wenograd data (:zre of 3£1ch has been recently received by this author)

may result in changes in the pre-exponential and/or activiation energy used
for the subsurface reaction term. Further, the thermal conductivity and
diffusivity probably cannot be estimated to within better than a factor

of 2 or 3. Thus, considerable testing of the model against data to deter-
mine the best values of these parameters (within reasonable ranges) is
required. Such testing has not yet been carried out.

As the program is stepped throigh the succeeding increments of
fuel plane distance from the initial top of the oxidizer particle (see |
Table II-III), the oxidizer surface will eit.er assume a protruding bulge
or a depression relative to the planar fuel around it, depending upon
whether the oxidizer linear regression rate is slower or faster than the

Z= v
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binder regression rate. This raises interesting questions regarding the
"end-game' if the particle burns out before the surrounding fuel. (Geo-
metrical considerations show that the inverse problem cannot occur as long
as increment sizes are kept sufficiently small.) In this case, there is
no oxidizer to burn with the surrounding fuel in succeeding increments and
the burning rate is set equal to zero for these remaining increments.
Three different approaches have been taken to calculating the average
propellant burning rate from the information obtained during the proced-
ure of stepping through the increments of regression of the fuel planar
surface past the oxidizer particle (XDTOP) increments). 1In the first of
these, the burning rate is calculated by statistically averaging all of
the oxidizer mass fluxes and fuel mass fluxes over the increments and

dividing by the propellant density:

i(mox,p,jApoxj + mfuel,jAFUj)
) )

ppropellant §(APOxj 4 AFUj

(45)

r
avg

while in the second approach it is calculated by statistically averaging
all of the oxidizer mass fluxes and then dividing by the overall oxidizer

mass fraction and the propellant density:

‘21: 0X,Pp,] APOXJ

®propellant “overall §(APOxj s AFUj{

r. .= (46)

avg

@ verall - cverall oxidizer-mass fraction

The fact that these two procedures do not always give the same result is

tied in with the "end-game" problem mentioned above. If the oxidizer burns
out before the fuel plane reaches the bottom of the oxidizer, mass fluxes for
succeeding increments are set equal to zero in the procedure currently used.
Not only does this result in different answers by the two above procedures,
but it also pulls the average burn rates down. One's first temptation is
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to simply perform the summing procedure over just these increments for which
a burning rate is calculated, both in the numerator and denominator of
Equations 45 and 46, but it is not clear whether or not this is more
physically realistic than the procedure of summing over all increments,
with burning rate set equal to zero for incremente in which there 1is no
oxidizer for the fuel. A third procedure of calculating average burning
rate was developed which basically does take this approach, however, though
in a slightly different manner. In this procedure, the burning rate is
calculated by dividing the oxidizer particle diameter by the sum of the
times required for each increment until the bottom of the oxidizer particle
is reached:

r = DO/Z TAUj - DO/Z[(A(DELOX)) ] (47)

aveg J J

TAUj = time for regression plane to move from one increment
to the next; summation carried out only to increment
at which oxidizer burns out

j/rox.J

DELOX, = distance of center of oxidizer surface from initial

J oxidizer peak at jth calculation increment (See Figure
I11I-3.)
T x [ = linear oxidizer regression rate in jth calculation
' increment

This procedure begs the question of what happens to the fuel "left over"
when the oxidizer particle burns out before the fuel. Physically we can
perhaps just assume that it somehow flakes off. This question needs to be
addressed further. This third approach is intuitively more appealing to
this author in that it allows for the fact that the particle will spend
more time at regression increments where the burning rate is lower, while
the first two procedures involve an implicit assumption that each of the

regression increments is equally likely.

To date, only preliminary calculations have been run with this
model, with no attempt at optimizing the values of such parameters as X, .,
Kor* Box’ on’ Bfuel and Efuel'
Formulation 4525, the 73/27 AP/HTPB propellant with 20 micron diameter

unimodal oxidizer used as the baseline formulation in the experimental

These calculations have been run only for

phase of this program. The equations used for thermal conductivity and gas
diffusivity were:
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A= 5.5-156Jf cal/cmsec °K, T in°K (48)

-5_3/2 )
D=1,010 °T / /P cmzlsec.. T in PK, P in atm. (49)

The activiation energies for the fuel vaporization and oxidizer sublimation,

and on,were chosen as 16,900 cal/mole and 22,000 cal/mole, respectively,

E
fuel (36)

the former value based on data of Cohen, Fleming, and Derr
(35)

and the
latter based on data of Andersen and Chaiken. The pre~exponential
factor in the oxidizer sublimation expression, Box was set at 2-105 gm/
cmzsec based on the BDP analysis of pure ammonium perchlorate deflagration,
while Bfuel was set at 5500 gm/cmzsec. this value being chosen to force

the linear regression rates of oxidizer and fuel to be equal at TB = 900°K
(somewhat arbitrary, to say the least). Based on the BDP analysis for pure
ammonium perchlorate deflagration, KAP (Eq'n. 36) was chosen to be 0.0001
to 0.0002 atm sec. The diffusion flame reaction distance constant KOF
(Eq'n. 35) was chosen to yield a reaction rate approximately ten times
higher than the AP monopropellant reaction rate at T = 2000 °X, resulting
in a range of values of (0.3 - 0.5)-10"'13 atm sec °

arbitrarily). Predicted burning rate versus pressure curves at 0 and 1000

1('-2 (again, rather

ft/sec crossfliw velocities for various combinations of these parameters

are plotted in Figure II-5 along with data for Formulation 4525. As may be
seen, agreement between theory and experiment is surprisingly good. However,
it is relized that this may be fortuitous and that application of the model

to other formulations may not give such satisfactory results.

4, Examination of Effect of Postulated Flow Profiles

During the course of this program, the author became aware
of complaints that data on erosive burning taken in test devices where
driver grain product gases were passed over small specimens (strips
or tablets) of the test propellant did not extrapolate well to motor con-
ditions, the erosive effects being considerably less in actual motors than
anticipated from the laboratory results. One possible explanation for this
is that the boundary layer flow profiles are considerably different in the
test device flow channel than in a motor. In most test devices, including
the one used in this program, the ratio of blowing velocity (gas velocity
normal to the propellant surface, generated by the combustion) to crossflow
velocity 1s quite small, less than 0.05, lying in a range whc: : the data
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(31)

used in both of the models described above are

applicable, Recent work by Yamada, gg_gl.(37) and Dunlap, 55_52.538)

of Mickley and Davis

however, indicates that in cylindrically perforated motors, where the ratio
of blowing velocity to crossflow velocity tends to be much higher (except
at the aft end of very long grains), the flow profiles are considerably
different, approximating those of an inviscid flow with a no-slip wall
boundary condition. 1In th%s case, the axial velocity flow profile is given
by (referring back to the nomenclature of the first generation model re-

grading diffusion distance): 0
2

= (\D/Z) - LDiffsin 6)

(50)

m
ucroseflow,y = sin 8 2 °°%)2 (D/2)

Liteg

u = average crossflow velocity

D = flow channel diameter

The first generation model was modified to use this profile rather than

the one described by Equaticns " to 40 in the development of the second
generation model (which was also . ed in the original version of the first
generation model). A set of calculations was then run for a motor with

a port diameter of 1.2 inches using both types of profiles for comparison.
Formulation 4525 (73/27 AP/HTPB, 20 micron diameter AP) was used for these
predictions since, as will be shown later, good agreement was found between
the Generation 1 Model using the Mickley-Davis profiles and data taken in our
test apparatus with this propellant. Results of these calculations are
shown in Figure II-6, As may be seen, replacement of the Mickley-Davis
profiles with the inviscid no-slip profiles results in a considerable reduc-
tionin the predicted degree of erosive burning. This is a particularly
importanc result, pointing out the necessity of correct definition of flow
profiles in a given motor configuration for accurate prediction of erosive
burning. Thus it appears that further attention need be paid to accu;ate
definition of profiles, not only in cylindrically perforated motors, but in
wagon-wheel perforations, star configurations, and any other configurations
where it is felt that erosive burning may be important. Modification of
the firat generation model (and the second generation model) to accomodate
various flow profiles is quite simple, the modification of the first genera-
tion model to use inviscid no-slip profiles having taken less than one
man-day.
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C. EXPERIMENTAL

1. Equipment

In the past, two basically different approaches, each with
advantages and disadvantages, have been pursued for measurement of steady-
state erosive burning rates. The first involves determination of ablation
rates of grains in rocket motors under actual firing conditions, while the
second involves measurcment of burning rates of propellant specimens (tablets
or strips) located in a stream of hot flowing gas external to a motor.

The first method has the advantage that the erosive burning process 1is being
studied under actual motor test conditions, but the disadvantage that these
conditions are difficult to determine accurately. Pressure and velocity
vary through the chamber and alsc change with time. Such burn rate measure-
ment techniques as interrupted burning must use time-averaged values, and
the time periods must be relatively long. Continuous measurement of burning
rates within a rocket by x-ray requires special elaborate equipment. The
use of probes to measure burning rates and pressures is difficult because
many probes are required, and also runs the risk of interfering with the
chamber flow and disturbing normal burning.

The major disadvantage of the second method of studying erosive
burning lies in possivle differences in detailed flow characteristics for
flow over strips or buttons of propellant, as compared to flow adjacent to
a grain surface in a motor, even at the same freestream velocity and pressure.
(In fact, while flow of a hot gas stream from a gas generator over a pro-
pellant strip or button preceded by some sort of flow channel will tend to
develop turbulent boundary layer type profiles, the recent work by Yamada,
et g_l_.,(”) and Dunlap, et 5_1_.,(38) indicates that the flow profiles in typical
cylindrically perforated motors approximate those of an inviscid flow with
a no-slip wall boundary condition, as discussed in the preceding section
of this report.) Advantages are that such parameters as freestream crossflow
velocity and pressure can be easily controlled and measured. Most important,
continuous measurement of burning rate can be accomplished with high speed
visual photography through quartz windows in the apparatus. Hence, results
obtained using this approach are likely to be more accurate and reliable

than those from motor firings.
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Previous studies have, in general, not resulted in instantaneous
measurements of erosive burning rates under well-characterized local flow
conditions. This, coupled with a lack of data in the high Mach number
region (M > 0.5) and a lack of studies in which propellant parameters are
systematically varied one at a time under identical hydrodynamic conditions
has resulted in an incorm?lete understanding of erosive burning phenomena.

The experimental test apparatus and procedures employed in this
study of erosive burning are described in some detail in Reference 12,

A schematic of the basic test apparatus 1s presented as Figure II-7. A
cylindrically perforated 6C4 driver grain (15.2 cm outside diameter, 10,2

cm inside diameter) whose length is chosen to give the desired operating
pressure for a given test, produces a high velocity gas flow through a
transition section into a rectangular test section which contains the test
grain (generally the same formulation as the driver grain). The contoured
transition section is approximately 10 cm (4 inches) long. The test grain
extends from the test section back through the transition section to butt
against the driver grain in order to eliminate leading edge effects which would
be associated with a test grain standing alone. The test grain is approxi-
mately 30 cm (12 inches) long (plus the 10 cm extending through the transi-
tion section) by 1.90 x 2.50 cm (3/4 inch and 1 inch) web and burns only

on the 1,90 cm face. The flow channel of the test section is initially

1.90 cm x 1.90 cm (3/4 inch x 3/4 inch), opening up to 1.90 cm x 4.45 cm

(3/4 inch x 1-3/4 inch) as the test propellant burns back through its

2.54 cm (1 inch) web., For high Mach number tests, the apparatus was operated
in a nozzleless mode with the gases choking at or near the end of the test
grain, while for lower Mach Number tests, a 2-dimensional nozzle was installed
at the end of the test channel,

During each test, pressure and crossflow velocity varied with time
and location along the test grain. (For the nozzleless tests, pressure
varied significantly with time and location, while crossflow velocity
varied considerably with location but not significantly with time. For
tests using a nozzle with an initial port to throat area ratio of 1.5 or
higher, on the other hand, pressure did not vary strongly with location but
did rise with time due to the progressivity of the driver grain, while
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crossflow velocity varied strongly with time and slightly with location.)
These variations permitted design of tests to yield considerable burning
rate-pressure-crossflow velocity data in relatively few tests, provided that
these parameters could be measured continuously at several locations along
the test grain. These parameters were measured in the ‘ollowing manner.

The burning rate was directly measured by phofographing the
ablating grain with a high-speed motion picture camera through a series
of four quartz windows located along the length of the test section. (See
Figure II-7 and II-8.) Frame by frame analysis of the films allowed
determination of instantaneous burning rate as a function of time at each
of the four window locations. The windows were flush-mounted on the inside
of one side wall and sealed with "0"-ring seals. A detailed drawing of the
test section, emphasizing the viewing window layout is shown in Figure II-8.
The flow gap was surrounded by propellant on one side and asbestos phenolic
on the other three sides, with circular cutouts in the asbestos phenolic
through which the inner part of the windows butted flush against the pro-
pellant. (Inner and outer window sections were used, since under the more
severe test conditions, the inner window surface suffers damage during the
test or during post-test cooldown.) To date, tests with either quartz
or RTV potting compound inner windows have been satisfactory as long as the
side of the test propellant was adequately inhibited to prevent any side-
burning, and quite satisfactory films have been obtained.

For nozzled cases, the measured location of the burning propellant
surface at each window as a function of time, together with the known
constant throat area, permitted straightforward calculation of the cross-
flow velocity as a function of time. However, the very sensitive dependence
of Mach Number on area ratio for M > 0,5 made calculation of crossflow
velocity from area ratio measurement quite poor for nozzleless cases.
Accordingly, for these tests, stagnation pressure was measured at the aft
end of the test section and used in combination with the measured driver
chamber pressure for calculation of the stagnation pressure in the test
section as a function of time and position. (Static pressure wall taps

at each window location were used for measurement of static pressure as a
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function of time for both nozzled and nozzleless cases.) From the static
and stagnation pressure values determined as a function of time and posi-
tion down the test section, crossflow Mach Number and velocity were calcu-
lated as a function of time at each window location in the test section

for the nozzleless cases.
2. Test Matrix

The rationale of the experimental part of this program was to
measure the erosive burning characteristicsyover a wide range of pressure
and crossflow velocity, of a series of propellants in which various formu-
laticn parameters were systematically varied. A series of 14 formulations
(Table 1I1-1V) was originally selected for investigation, with 10 tests to
be conducted with the first formulation, and 5 tests each with the succeeding
formulations. During the course of this program, seven of these formula-
tions (1 - 5, 7 and 8) were characterized. Additional study of the matrix
will be carried out in a follow-on program.

The first six formulations listed in Table II-IV are "scholastic"
formulations. (These are referred to as '"scholastic" formulations in that
they are formulations specifically chosen to permit systematic variation of
well-defined composition and ingredient-size parameters, including the use
of unimodal ammonium perchlorate particle size, but as a consequence are
not formulations being currently considered for mission applications.)

It was considered that the use of unimodal oxidi~er in early testing was
important, since any model permitting prediction of burning rate-pressure-
crossflow velocity characteristics from first principles will almost cer-
tainly be first derived for unimodal oxidizer. (Methods of handling multi-
modal oxidizer sizes for predictions of burning rates even in the absence
of crossflows are still the subject of considerable debate.) Formulation 1
(also referred to elsewhere as Formulation 4525) is a baseline 1667°K

HTPB formulation (73/27 AP/HTPB) for the initial test series. Formulations
2, 3, and 4 (5051, 4685 and 4869) were selected for investigation of the
interrelated effects of oxidizer particle size and base (no crossflow)
burning rate. Formulations 1 and 4 are essentially identical except for
use of burning rate catalyst to change base burning rate. Formulations

2 and 3 differ from Formulation 1 in oxidizer particle size (200, 5 and
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20 micron AP, respectively), and as a consequence, also in base burning
rate. Comparison of results from tests with these four formulations should
permit isolation of the oxidizer particle size and base burning rate effects
on sensitivity of propellant burning rate to crossflow.

In terms of independent variables, Formulation 5 (5542T) differs
from Formulation 1 only 1in terms of oxidizer/fuel ratio (77/23 versus 73/
27), ylelding a higher flame temperature (2065°K vs. 1667°K) and a different
burning rate, oxidizer size being held constant. Thus comparison of the
results for these formulations permits definition of the effect of oxidizer/
fuel ratio change at constant oxidizer particle size. With Formulation 7
(5565T), on the other hand, oxidizer/fuel ratio is varied from that of
Formulation 1 (82/18 vs. 73/27), but oxidizer sizes are changed to give
approximately the same zero-crossflow burning rate-pressure curve for the
two formulations -~ this permits examination of the effect of varying oxi-
dizer/fuel (and thus flame temperature) at constant base burning rate.
Formulation 8 (5555T) is identical to Formulation 7 except for use of much
finer oxidizer to yield higher base burning rate.

A total of 45 tests were carried out with these seven formulationms.
Of these, 39 yielded useful data, while six were failures due to breakup
of the test grain (in nozzleless tests) or due to camera failure. The
rationale and ballistics analyses used in selecting the test conditions
employed were discussed in detail in Reference 12. Basically, the first
three tests were designed to yield erosive burning data for Formulation 1
over a range of crossflow velocities of 180 to 350 m/sec (600 to 1200
ft/sec) and a range of pressures of 1.4 to 8.2 MPa (200 to 1200 Psia).
The next three tests were chosen to examine the same formulation over a
crossflow velocity range of approximately 600 to 850 m/sec (2000 to 2800
ft/sec) and a pressure range of 1 to 5 MPa (150 to 750 psia). Tests 7 and
8 differed from Tests 1 and 3 only in having no test grain in the transi-
tion section. These tests were aimed at determining the sensitivity of
erosive burning to major upstream geometry changes. Tests 9 and 10 differed
from Tests 1 and 3 only in their use of a hotter (2400°K) driver formulation
with the baseline test formulation (1667°K flame temperature). The purpose
of these tests was to determine whether the '"core" gas temperature affected

the erosive burning of a given formulation. (Recall that Marklund and
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Lake!”) found that it did not.) Test 11 - 15, 16 - 20, 21 - 25, 26 - 30,
31 - 35 and 36 - 40 were designed to be analogous to Test 1 -~ 5 with re-
placement of Formulation 1 (4525) by Formulations 2, 3, 4, 5, 7 and 8
(5051, 4685, 4869, 5542T, 5565T, and 5555T). Tests 41 - 45 were added to
fill in data gaps revealed by earlier tests.

3. Test Results and Discussion

Measured burning rate augmentation ratios (¢ = r/ro) for two
typical nozzled tests are plotted against time in Figure II-9 and II-10.
For these tests, the augmentation ratio at any given time should be nearly
the same from window to window (since pressure and crossflow velocity do
not vary significantly with location), unless boundary layer development
effects are playing an important role. As may be seen, the variation from
window to window is actually fairly small. The augmentation ratio versus
time predicted with the first generation model described earlier, using
the measured pressure and crossflow velocity versus time data, is also
presented in these figures. The agreement between theory and experiment
is seen to be reasonably good.

Results of the tests made fo:x study of the effect of upstream flow
conditions (two tests conducted at essentially identical conditions to
tests in the main test series, except for the absence of test grain in
the transition section) are presented in Figure II-11 and II-12. As may
be seen, the effects of the upstream flow change were quite small, the
differences in burning rate augmentation ratio between corresponding tests

varying essentially only to the degree predicted by the slight difference

in pressure-crossflow velocity-time history in the matched tests. Accordingly,

it is concluded that the erosive burning measured at the viewing ports is
not particularly sensitive to the driver grain-transition section contours<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>